Cellular blebbing is a unique form of dynamic protrusion emanating from the plasma membrane which can be either apoptotic or nonapoptotic in nature. Blebs have been observed in a wide variety of cell types and in response to multiple mechanical and chemical stimuli. They have been linked to various physiological and pathological processes including tumor motility and invasion, as well as to various immunological disorders. They can form and retract extremely rapidly in seconds or minutes, or slowly over hours or days. This review focuses on recent evidence regarding the role of blebbing in cell locomotion with particular emphasis on its role in tumor metastasis, indicating the role of specific causative molecules. The phenomenon of blebbing has been observed in endocrine-resistant breast cancer cells in response to brief exposure to extracellular alkaline pH, which leads to enhanced invasive capacity. Genetic or pharmacological targeting of cellular blebs could serve as a potential therapeutic option to control tumor metastasis.
Introduction
Cellular blebbing, first described in 1919 [1] as hyaline blisters or bubbles, was later characterized as smooth circular extensions (2-15 μm in diameter) of the plasma membrane that expand from the cytoplasm and retract to the initial site of origin [2] . These protrusions have received more attention in recent years due to their occurrence in widely differing cell types and their association with various physiological and pathological conditions [3] [4] [5] . This review discusses the role of the actin machinery in bleb formation, the various cell types which produce these protrusions, the heterogeneous stimuli of blebbing and its role in various functions including locomotion. In addition, recent data demonstrating the role of alkaline pH as a novel stimulus of blebbing, specifically in endocrine-resistant breast cancer cells, and its association with cell motility are discussed.
Blebs have been observed in numerous cell types including fibroblasts [6] , endothelial and mesenchymal cells [4] , cancer cells [7] [8] [9] [10] [11] , immune cells [12] [13] [14] , germ cells [15] [16] [17] , ameba [18] , parasites [19] and bacteria [20] [21] [22] . It was originally assumed that blebbing was related solely to pathological conditions in response to nonspecific cellular insults such as lipid peroxidation [23] , anoxia [24] and energy depletion [24] [25] [26] , with motility/invasion [11, 27] and multidrug resistance in tumor cells [28] , or as a prerequisite for necrosis. However, it is now considered to be an important physiological process which occurs during cell blastulation in Fundulus deep cells [29] , cytokinesis, cell spreading, virus infection, protective mechanisms against injury (either physical or chemical stress) [30] [31] [32] and as a hallmark of the execution stage of apoptosis [33] . For example, rabbit renal proximal epithelial cells form extensive blebs after hypoxic injury [34] .
It had been suggested that bleb formation occurs at a rate faster than that of actin filament elongation and polymerization needed for the formation of other types of cellular protrusions such as lamellipodia [35] [36] [37] . It can be either reversible (nonapoptotic) or irreversible (apoptotic). Nonapoptotic blebbing has been seen in various cellular processes including mitosis [6, 9, 38] , spreading [4, 9, [39] [40] [41] and migration [5, 16, 42, 43] , as well as after trypsin-mediated detachment of cultured cells [3, 39] . The apoptotic form of blebbing was detected by the treatment of serum-starved cells with the caspase inhibitor Z-VAD-FMK, which enables apoptotic cells to bleb for variable periods stretching from hours to days; depolymerization of actin inhibits this phenomenon [44] . The distribution profile of newly formed blebs appears to be correlated with particular cellular processes. During cell motility, they are polarized towards the source of a stimulus, while during apoptosis/necrosis they are uniformly distributed around the entire cell surface ( fig. 1 ). The time scale of bleb formation varies considerably. Apoptotic blebs take 24-48 h, whereas alkaline-challenged estrogen receptor (ER)-depleted breast cancer cells exhibit them in 5-10 min [11] , and Dictyostelium cells form them in just 1 s [45] . In some cases, the total cell volume is preserved during blebbing [46] , but in others it is significantly reduced [11, 27] .
The bleb life cycle can be subdivided into three phases: (1) nucleation, (2) expansion (cytosol flowing from the cell body into the bleb [9] ) and (3) retraction (driven by myosin [7] ). They are formed when the plasma membrane separates from the underlying actin cortex and is pushed outwards by fluid pressure [31] exerted by contraction of the cell cortex. This leaves little F-actin beneath the bleb membrane as it expands. Various mechanisms have been suggested for the generation of these protrusions, including actin filament elongation [47] [48] [49] , hydrostatic pressure generated by cortical contractions giving rise to pseudopod formation [50, 51] , gel-swelling pressure involving osmotic expansion [52] , lipid or membrane flow involving endocytosis-/exocytosis-mediated recycling of membrane components [53] or cell substratum adhesiveness [54] . However, other models have suggested that their formation and extension occur as a result of an osmotic flux followed by actin polymerization [55] . Reducing intracellular hydrostatic pressure by placing cells in hypertonic media inhibits bleb and lamellipodia formation, locomotion and polarity [51, 56] . Fedier and Keller [57] showed that reducing free water content inside Walker carcinoma cells by 39% inhibited bleb formation and locomotion. This leads to reduced intracellular hydrostatic pressure, increased viscoelastic resistance to passive and swelling deformation and decreased space between cytoplasmic components, without a significant increase in viscosity of the aqueous phase or any change in the amount of F-actin. Pseudopod-like blebs were also seen in U937 monocytes stimulated by permeabilization of the cellular membrane with a nanosecond-pulsed electric field; this was inhibited by partial isosmotic replacement of extracellular sodium chloride for a larger solute such as sucrose, suggesting that colloid-osmotic water uptake is the driving force for bleb formation. Pretreatment with the actin depolymerizer cytochalasin D prevented membrane blebbing, underlining the requirement of the actin cytoskeleton [58] .
Other evidence has also suggested a role for aquaprotein (AQP) channels in bleb formation. The AQPs are membrane-anchored channels [59, 60] defined by their permeability characteristics in water and solutes like glycerol [61] . They have been proposed to play a role in cell migration, due to their polarization towards the leading edge of migrating neutrophils [13, [62] [63] [64] . Overexpression of AQP9 in HEK-293 cells resulted in a rapid influx of water and increased intracellular pressure, leading to the formation of filopodia bleb-like protrusions, contributing to their motile behavior [65] .
Role of the Actin Machinery
The contractile cortex is a layer of cytoskeleton (50 nm to 2 μm thick) under the plasma membrane that is rich in actin filaments, myosin II and various actin-binding proteins [66] . It plays an important role in various cellular processes including cytokinesis, motility, migration, phagocytosis and tissue morphogenesis [66] . The small GTPase Ras homolog gene family member A (RhoA) regulates the contractile cortex assembly [67] and subsequent enhancement in cell polarity and locomotion [68, 69] . RhoA plays an important role in the regulation of actin cortex assembly by inducing actin polymerization and subsequent interaction with myosin. Several proteins of the actin machinery, such as formins (actin-nucleating protein), actin nucleators and associated proteins (CDC42, Arp2/3, DIAPH3, DIP, FMNL1, FHOD1), have been shown to play a critical role in bleb formation in various cells [7] . It is well documented that actin is the main component of most forms of blebs [6, 9, [70] [71] [72] . Charras et al. [7] demonstrated the involvement of actin and various actin-binding proteins in the blebbing of filamin-deficient M2 cells. They found that the erythroid submembranous cytoskeleton protein 4.1 and ankyrin-β as well as tropomyosin and tropomodulin (which are involved in myosin contraction) were present inside the cytoplasmic compartment of the blebs. Microinjection of a dominant active ezrin (which stabilizes the actin membrane attachment) inhibited bleb formation, suggesting that this phenomenon occurs in areas of weak actinmembrane adhesion. The RhoA-ROCK (Rho-associated protein kinase)-myosin axis plays a central role in the formation of both apoptotic and nonapoptotic membrane blebbing [8, 19, 73, 74] . For example, the upregulation of RhoA in the absence of the tumor suppressor genes p53 [73] , Rac1 GTPase [75] [76] [77] [78] or ROCK [79] can induce plasma membrane blebs. Furthermore, membrane blebbing can be induced in areas of weak cortex-membrane interactions caused by a lack of actin-binding protein filamin A [9, 80] , the membrane linker protein talin [81] or PIP2 [81, 82] .
The contractile activity of myosin, through its phosphorylation by myosin light chain kinase (MLCK), is also important for bleb formation [83, 84] . Microinjection of catalytically active MLCK can induce blebs [85] , whilst inhibitors of MLCK and Rho kinase activity, or the actin depolymerizer cytochalasin D, all inhibit bleb formation in serum-deprived Z-VAD-FMK-treated PC6-3 cells [44] . A recent study showed that shRNA-mediated knockdown of the 15-kDa selenoprotein (Sep 15) in the Chang liver cell line, as well as in T-REX-HeLa cells, resulted in cell shrinkage with rounded morphology and the formation of nonapoptotic reversible membrane blebs by remodeling of cytoskeletal proteins such as α-tubulin and F-actin [86] . Pretreatment with inhibitors of ROCK, RhoA, MLCK or blebbistatin reversed bleb morphology within 10 h, suggesting the importance of the ROCK/RhoA/MLCK pathway in membrane blebbing of Sep15-deficient cells.
Besides the well-established role of the actin machinery, various protein kinases such as death-associated protein kinase (DAPK), Src and Met have been shown to be involved in bleb formation.
Death-Associated Protein Kinase
DAPK is a calcium/calmodulin-regulated, cytoskeleton-associated serine/threonine kinase which enhances cell apoptosis in response to various stimuli [87] . Its overexpression can induce apoptotic blebs in various cell types [79, 88, 89] , which are independent of Rho kinase but dependent on increased myosin contractility [90, 91] .
In marked contrast, DAPK can also inhibit membrane blebbing through the regulation of cytoskeletal proteins such as tropomyosin, which plays a role in stress fiber formation and stabilization [92, 93] .
Proto-Oncogene Tyrosine-Protein Kinase Src
The Src protein family plays an important role in regulating various intracellular signaling networks [94] and in controlling cell migration, proliferation and survival [95] . The Src homology 4 (SH4) domain plays a key role as an anchoring membrane-targeting domain for Src localization and activation [96, 97] . Interestingly, the expression of the SH4 domains in Leishmania parasite virulence factor HASPB (hydrophilic acylated surface protein B) induced nonapoptotic ROCK-myosin-II-dependent plasma membrane blebs. Endogenous Src activity was crucial for the formation of these blebs in SH4 domainexpressing cells and led to enhanced Src-induced cell invasion [19] .
Met Receptor Tyrosine Kinase
The Met receptor tyrosine kinase/hepatocyte growth factor axis plays a key role in tumor growth and metastasis [98] [99] [100] . Constitutively active Met expression induces membrane blebbing in the invasive Moloney sarcoma virus-transformed MDCK MSV-MDCK-INV [101] [102] [103] , small cell lung cancer cells [104] , as well as in breast cancer cell lines MDA-MB-231 and B549 [105] . This can be significantly inhibited by pretreatment with inhibitors of ROCK and actin assembly (latrunculin A and jasplakinolide). In addition, Met-induced blebbing enhances breast cancer cell motility, migration and invasion [105] .
Stimuli Inducing Bleb Formation
Cell blebbing can be manipulated by mechanical or chemical treatment. It can be induced following microtubule disassembly [42, 106, 107] , by inhibition of actin polymerization [7] , increasing membrane rigidity or inactivating myosin motors [8, 108] , and by modulating intracellular pressure [8, 10] . In addition, blebbing can be induced through alteration in cell adhesion machinery, as seen in MDA-MB-231 breast cancer cells when coated with Matrigel [109] , or by detachment of rat liver epithelial cells by the stable expression of a constitutively active Q63L version of RhoA [110] . In a recent study using the Chinese hamster ovary CHO fibroblast cell line, it was shown that compression and subsequent dilation (folding and unfolding) of the plasma membrane cortical layers induced cell rounding and migration through membrane blebs [111] . Blebs can also be induced in response to various extracellular stimuli. For example, bleb formation was dependent on the presence of serum components in human conjunctiva cell culture medium [112] and on lysophosphatidic acid in the NB2a rat neuroblastoma cells [113] and zebra fish progenitor cells [18] . In addition, the neurotransmitter cholecystokinin was found to induce blebbing in rat pancreatic acinar cells [114, 115] , the chemoattractant cAMP (cyclic adenosine monophosphate) in Dictyostelium discoideum cells [5, 43] , the chemokine SDE1α in zebra fish [16] , mitoxantrone in HL60 cells [116] and extracellular adenosine triphosphate (ATP) via stimulation of the ATP-gated ion channel P2X7 [117, 118] . The neuropeptide bradykinin (acting through B2 receptors) induced human glioma cell migration through the generation of bleb-like structures, regulated by intracellular calcium, resulting in the contraction of the actin cytoskeleton, cytoplasmic flow and the activation of calcium-dependent K + and Clchannels [119] . Pretreatment with the myosin II kinase inhibitor, blebbistatin, abolished both bleb formation and motility. These data suggest the occurrence of actin-rich blebs in response to a wide range of stimuli (either mechanical or chemical).
Blebbing has been shown to play an important role in various physiological and pathophysiological conditions. Its role in enhancing cell motility and invasion, immune cell maturation and activation, and pathogenic escape is discussed in the following section. In addition, recent data are presented regarding the role of actin-rich blebs in endocrine-resistant breast cancer cells upon exposure to extracellular alkaline pH.
Role of Blebbing in Cellular Locomotion
Cell locomotion and polarity play an important role during embryonic development, wound healing and inflammation, and also in cancer metastasis [13, 27, 114, 120] . The latter process involves directional motility/invasion towards a chemoattractant and is associated with one-sided formation of protrusions such as lamellipodia (which are flattened), microspikes (or filopodia), which are narrow and stiff rods, or blebs (also called lobopodia) [120] . Most of these actin-rich protrusions are formed Khajah 22 preferentially at the leading edge of the crawling cells to guide them towards a site of inflammation or infection (in the case of immune cells), or to effectively enhance penetration of cancer cells into blood or lymphatic vessels. Cellular protrusions are of two main types: those driven by actin polymerization such as pseudopodia or lamellipodia, and those driven by fluid pressure such as blebs. In addition to enabling tumor invasion [121] , as seen for M2 melanoma and Walker carcinoma cells [51, 80] and breast cancer cells [105] , blebbing is involved in the migration of primordial germ cells of zebra fish [16, 17] , the pathogen Entamoeba histolytica into the liver [122] , Dictyostelium ameba under 2% agarose [43] , Leishmania parasite [19] , HEK-293 cells [65] , Drosophila [123] , Xenopus laevis [124] and killifish deep cells [125] . Actinomycin-rich membrane blebs are also evident in the sea urchin red spherule coelomocyte immune cells, which enhance their motility. Treatment with cytochalasin B or blebbistatin can abolish membrane blebbing and cell motility, highlighting the importance of these protrusions in immune cell motility [12] . Various reports have shown the coexistence of blebs and F-actin-driven protrusions at the leading edge of migrating cells [11, 45] , and blebs can give rise to pseudopods or vice versa by continued actin polymerization.
Motile cells have a variety of shapes and move at differing speeds in different environments, generally extending their outer edges by actin polymerization for forward movement [120, [126] [127] [128] . Yoshida and Soldati [43] showed Dictyostelium cells utilizing mainly actin-driven pseudopods as well as small transient blebs, whilst another study suggested that their motility was purely bleb driven, evoked by mechanical resistance, dependent on PI3K activity and strongly chemotactic [45] . Cancer cells may switch between F-actin-driven to bleb-driven motility according to their environment [74, 121] . For example, when cancer cells experience genetic impairment of F-actin polymerization, they compensate by using unbranched actin filaments or blebs for locomotion [129, 130] . Furthermore, some reports have demonstrated that cancer cells could invade the extracellular matrix (ECM) through various mechanisms including mesenchymalproteolytic degradation of ECM on a flat surface and ameboid blebbing motility in collagen gels [121] squeezing between the pores in the ECM and invading in a manner independent of proteolytic activity [74, 131, 132] . E. histolytica cells, the causative agents of amebiasis [133] , utilize ameboid bleb-driven motility to enable them to invade various organs such as liver parenchyma [122] . E. histolytica motility using blebs is approximately two or-ders of magnitude faster than the average motion of mesenchymal cells. As with cancer cells, these data suggest that E. histolytica can be prompted to switch between bleb-driven and mesenchymal motility depending on the environment. Interestingly, noninvasive cells can be transformed into an invasive phenotype by the experimental induction of membrane blebs [19, 73] . Sharma et al. [134] demonstrated that glioma cells produce continuous actin-rich blebs when cultured on a flat surface, while exhibiting reversible blebbing and nonblebbing phenomenon on suspended STEP (spinneret-based tunable engineered parameters) fibrous substrates. They also observed that blebs on a single cell were greater in number and longer in size when cells were in smaller and spherical morphologies. Bleb formation was significantly reduced when glioma cells were spread along the STEP nanofibers. An inverse relationship was observed between blebbing and cell migration, in contrast to previous reports using other stimuli to induce membrane blebbing. It should be noted that treatment with various growth factors, such as fibroblast growth factor, platelet-derived growth factor or epithelial growth factor, did not induce membrane blebbing in zebra fish progenitor cells [18] , which is consistent with our own observations in ERsilenced endocrine-resistant breast cancer cells [11] .
These data highlight the importance of blebbing in enhancing cell motility through several mechanisms. The blebs appear to induce movement through the formation of circular projections emanating from the plasma membrane. Live cell imagery of cultured cells shows a circular movement of the blebs around the cell periphery [9] . When confronted with a chemoattractant, the blebs polarize along the part of the cell facing the stimuli and thereby allow cytoplasmic streaming which propels the cell in one direction. Furthermore, actin-rich blebs could provide driving forces to enable the cell to move forward, and also allow the cell to move in a 'swimming fashion' due to asymmetric cell shape changes during bleb formation, particularly in a 3D environment. Blebs could provide an alternative (backup) means for cellular motility when other cellular projections are impaired or deficient.
Besides their role in cell locomotion, recent data suggest their involvement in modulating the activity of the immune system as well as in cancer pathogenesis [11, 27, 135] .
Blebbing: A Vaccine-Based Therapy
During apoptosis, the endoplasmic reticulum, RNA and chromatin are enclosed within blebs, which become detached from the main apoptotic cell at the later stages Blebbing [136, 137] . This phenomenon was suggested to aid immune maturation and the formation of vaccines to enable the killing of tumor cells. It was shown that ingestion of blebs by mouse-derived dendritic cells induced their maturation and subsequent Th17 cell activation when co-cultured with splenocytes in vitro [138, 139] , as well as in mice in vivo [140] . Ruben et al. [116] showed that blebs were generated from mitoxantrone-treated apoptotic HL60 cells (the human HLA-A2-negative AML cell line), which contain chromatin and endoplasmic reticulum. In addition, the apoptotic blebs were ingested by monocytederived dendritic cells (at 48 h co-culture), leading to increased expression of the lymph node homing receptor CCR7, enhanced migration towards CCL19, increased IFNγ production and CD4 + T-cell proliferation, with higher avidity of T cells towards HL60 AML cells. It is tempting to speculate that apoptotic blebs from AML cells may serve as a source of tumor-associated antigen for dendritic cell-based vaccine therapy.
Blebbing: Recruiting Immune Cells
Spontaneous apoptosis of tonsil-derived human germinal center B cells results in the loss of various cell adhesion molecules and the formation of multiple blebs on the outer cell membrane [135] . It has been shown that blebs derived from apoptotic germinal center B cells (but not from T cells) exhibited chemotactic activity towards peripheral blood monocytes. This process might play a role in vivo in recruiting the monocytes (professional phagocytes) to eliminate apoptotic B cells and prevent inflammatory reactions.
Blebbing: Escaping the Immune System
The opportunistic pathogen Pseudomonas aeruginosa targets surface-exposed epithelial cells and can infect any part of the human body [141] . It can infect cultured epithelial cells in vitro by entering through cells which display plasma membrane blebs to allow it to be isolated from the cytoplasm and to swim rapidly within them [21, 22, 142] . This phenomenon has also been shown in vivo in corneal epithelial cells within excised whole mouse eyes [143] . Recent evidence suggests that P. aeruginosainduced apoptotic epithelial cell blebbing is independent of actin contraction but dependent on the ExoS type 3 secretion system effector [22, 142] and cystic fibrosis transmembrane regulator osmoregulatory function [20] .
Blebbing: Disease-Causing Protrusions
Suprastimulation of pancreatic acinar cells with the cholecystokinin octapeptide results in marked basolater-al membrane blebbing and ameboid shape within 2 min of the stimulation [144] [145] [146] . This can be quickly reversed by reducing the concentration of the stimuli. The actin machinery has been postulated to play a role in cholecystokinin-mediated blebbing of pancreatic acinar cells, accompanied by marked reorganization of cytoplasmic actin and phosphorylation of myosin II. In addition, pretreatment with the actin depolymerizer cytochalasin D, the myosin ATPase inhibitor butanedione monoxime and the MLCK inhibitor ML-9 all inhibited bleb formation. The blebs in the acinar cells were shown to be responsible for the development of acute interstitial pancreatitis in animals [147] .
Blebbing in Endocrine-Resistant Breast Cancer Cells
It has recently been shown that a brief (5-min) exposure of specifically endocrine-resistant breast cancer cells to an extracellular alkaline (but not acidic) pH environment induces cell rounding and shrinkage, and the formation of actin-rich membrane blebs on the outer membrane of the cells [11, 27] . Various molecules that are critical for cell motility and invasion, such as integrin α2, JAM-1 (junctional adhesion molecule-1) and FAK (focal adhesion kinase), are translocated into the cytoplasmic compartment of the newly formed blebs. Other molecules that are not important for motility, such as vimentin, do not show any cytoplasmic redistribution upon exposure to alkaline pH. Pretreatment with cytochalasin D, MLCK and Rho kinase inhibitors, as well as inhibitors of Na + /H + and Na +/ K + channels, completely inhibits cellular blebbing. The blebs are highly dynamic, polarizing in the direction of a chemoattractant, in this case epithelial growth factor, and significantly enhancing cell invasiveness, whereas they exhibited a uniform distribution profile when exposed to a source containing the vehicle only. This phenomenon is completely reversible by returning the cells to physiological pH (pH 7.4), although prolonged exposure (beyond 4 h) induces apoptosis (evident by increased levels of various heat shock proteins). These observations are the first indication that alkaline pH can induce bleb formation and that both apoptotic and nonapoptotic blebs can form in the same cell depending on the length of exposure. Both actin and MLCK were implicated in the formation of these blebs, which is in agreement with previous reports. The loss of the epithelial marker E-cadherin may play a role in the formation of alkaline-induced blebbing in the ER-ve breast cancer cells which have undergone epithelial to mesenchymal transi-tion. This results in weaker cell-cell contact and the cell will acquire the flexibility to modify its morphology in response to a high extracellular pH environment. Furthermore, the cytoplasmic compartment of the newly formed blebs differs from the cytoplasm in the rest of the cell as it concentrates molecules critical for cell motility and invasion. We have also generated preliminary data suggesting the involvement of secreted components from the formed blebs which aid in enhanced cell invasion. Conditioned medium from cells exposed to alkaline pH enhances the invasion of cells cultured at pH 7.4.
Conclusions
Membrane blebbing has been observed in many cell types through the activation of various signaling molecules downstream of a broad range of external mechanical and chemical stimuli. The nonapoptotic form of membrane blebs plays an important role in various cellular functions, particularly motility. Recent evidence suggests their potential usefulness in vaccine-based therapy or as possible therapeutic targets in the treatment of interstitial pancreatitis. In the case of cancer cells, these exhibit this phenomenon in order to form protrusions, which compensate in case of deformities in the F-actin machinery, to enable them to invade into the ECM and beyond or to allow them to escape from unusual hostile extracellular environments (such as exposure to alkaline pH). Targeting membrane blebs with antiblebbing agents in conjunction with anti-inflammatory or antimetastatic agents might serve as a novel treatment approach to reduce cancer cell motility and metastasis. The various stimuli and molecules involved in membrane blebbing, as well as multiple cellular functions modulated by these protrusions, are summarized in the schema illustrated in figure 1 .
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